Introduction
Mercury (Hg) is a global pollutant due to its ability to undergo long-range transport from source regions to remote parts of the world, and its ubiquitous presence in aquatic ecosystems (Selin, 2009 ). Owing to its unique chemical and physical characteristics, mercury can undergo a variety of environmental reactions and processes, leading to a complex geochemical cycle. Much of the mercury originating from both anthropogenic and natural sources is eventually exported to the marine environment (Mason and Sheu, 2002) . There, due to its affinity to particulate matter, mercury is readily scavenged from the water column and deposited to bottom sediments particularly in estuaries and coastal areas (Lamborg et al., 2016) .
The global open oceans contribute about~3.0 Â 10 6 kg year À1 of global Hg 0 emissions to the atmosphere (Driscoll et al., 2013) .
Hence, oceans become reservoirs in the global Hg cycle derived from various inputs of mercury. Although coastal areas are under considerably higher Hg stress, Hg export to the open ocean areas is not negligible (Amos et al., 2014) . Direct atmospheric deposition is the primary source of Hg to the ocean whereas riverine discharge, mobilization from sediments, groundwater, and submarine hydrothermal inputs contribute lesser amounts (Mason et al., 2012) .
In support of this model, a recent detailed mass balance for the Mediterranean Sea showed that compared to terrestrial inputs twice as much Hg is deposited to the Sea directly from the atmosphere ( Zagar et al., 2014) . In addition, the accumulation of Hg in the marine environment (e.g., sediments) is a potential risk because Hg can be easily converted into methylmercury (MMHg), which is neurotoxic and bioaccumulates in aquatic food webs (Fitzgerald et al., 2007) . Mercury can become methylated by a number of biotic and abiotic means, with biological methylation likely dominating in the environment (Lamborg et al., 2006) . Major sources of MMHg in the ocean are the production in sediments on the continental margin , deep-sea deposits and hydrothermal vents and formation in oxic and low-oxygen regions of the water column, presumably through heterotrophic microbial activity (Lehnherr et al., 2011) . However, questions remain unanswered regarding the relative significance of biotic and abiotic contributions of Hg to marine environments.
In this context, Hg isotope ratios are an effective tool for tracing sources and processes of Hg in the environment (Foucher et al., 2009) . Fractionation of stable Hg isotopes has been demonstrated for geological (Smith et al., 2005) , biological (Kritee et al., 2007) and photochemical processes. Spatial and temporal variations in Hg isotope ratios in sediments have been measured in many studies to identify sources and to characterize processes (Das et al., 2013; Feng et al., 2010; Jackson et al., 2008; Foucher et al., 2009; Gehrke et al., 2009 (De Laeter et al., 2003) . The Campos Basin (CB) is the most important region of offshore petroleum production in Brazil. The region is also of ecological significance because upwelling events of the cold and nutrient rich South Atlantic Central Water (SACW) result in areas of high productivity in the water column (Campos et al., 2000) . Hg is commonly associated with barite (BaSO 4 ) as a component of spent drilling mud that is discharged during drilling (Neff, 2002; Trefry and Smith, 2003; Pozebon et al., 2005) . Trefry et al., 2007 showed considerably concentrations of Hg (48e558 ng g À1 ) close to drilling sites in the Gulf of Mexico. Furthermore, the chemical composition of the discharged produced water is complex and highly variable, often containing dispersed oils and dissolved metals including Hg (Vegueria et al., 2002) . The Paraíba do Sul River (PSR) is the major freshwater supply to the South-eastern Brazilian coast, traversing three states (São Paulo, Minas Gerais and Rio de Janeiro) draining an area of approximately 57,300 km 2 with a length of 1500 km (Ovalle et al., 2013) . It is proposed that the mean PSR sediment flux of 1.0e2.0 Â 10 6 tons per year reaches the external continental shelf of Campos Basin (Lacerda et al., 2004) . The PSR is impacted by deforestation of the margins leading to erosion, the use of agricultural pesticides, domestic sewage discharge and solid waste disposal, and the construction of numerous dams (Wanderley et al., 2014) . Hg in the PSR basin may originate from two major sources: i) from Hg fungicides in sugar cane plantations until it was banned in the early 1980s and ii) from gold mining which uses Hg to amalgamate fine gold particles from river sediments (Lacerda et al., 1993; Araujo et al., 2015) . Campos Basin may be impacted by two main sources of mercury: i) exploration and production of oil and ii) Hg export from the Paraíba do Sul River (Araujo et al., 2010) . Here, we conducted an investigation to establish the distribution of Hg concentrations and Hg isotopic composition in surface sediments of Campos Basin including the estuary region of the Paraíba do Sul River. Samples were collected along three transects (25e3000 m water depth) crossing the depositional profile, along the continental shield and slope of the studied marginal basin.
Material and methods

Study area
The Campos Basin, in the Southeastern Brazilian Continental Margin, extends from the Vitoria High (20 S) to the Cabo Frio High (24 S), covering an area of approximately 100,000 km 2 (Viana et al., 1998) . The shelf has a mean width of 100 km and the continental slope is 40 km wide, and is characterized by a complex system of submarine channels and canyons. The shelf break varies from 80 m water depth in the northern area to 130 m water depth in the south with an average depth of 110 m. The average gradient of the slope is very gentle (2.5 ), but both the upper (110e600 m) and the lower (1200e2000 m) slopes have steeper gradients. In the north (at approximately 1500 m water depth) the base of the slope is shallower than in the south (at approximately 2000 m) due to the occurrence of a submarine cone connected to the Almirante Camara submarine canyon (Viana et al., 1998) . This basin is influenced by the Coastal Water, Brazil Current and South-Atlantic Central Water (Calado et al., 2010) . The interaction between these three water masses, coupled to a complex circulation pattern marked by the meandering of the Brazil Current, are responsible for the sedimentation patterns in the shelf and slope region in Campos Basin (Mahiques et al., 2004) . In deeper regions of the basin are observed the Antarctic Intermediate Water (550e1200 m depth) and the North-Atlantic Deep Water (NADW) (1500e3000 m depth) (Reid, 1989) . The sedimentology of Campos Basin is heterogeneous composed of sand, shelf mud, carbonate banks and pelagic muds. Shelf muds derived from the discharge of the Paraiba do Sul river develop small mud ponds and large accumulations along the inner shelf about 150 km south of the river mouth (Viana et al., 1998) .
Sampling
The study area is located in the Campos Basin in the state of Rio de Janeiro. Three transects of superficial sediments from 25 to 3000 m were sampled: A (located to the south and close to an upwelling area), D (located opposite the mouth of the Paraiba do Sul River) and I (located north near the top of Vit oria-ES) (Fig. 1) . We also collected superficial sediments (0e2 cm) from the estuary (six samples) and mangrove (five samples) of Paraíba do Sul river in 2008 and 2014, respectively (Fig. 1) .
The sediment samples were collected from different Research Vessels (R/V) Gyre, Miss Emma McCall and/or Luke Thomas in 2009, as part of the Habitats Project e Campos Basin Environmental Heterogeneity and coordinated by CENPES/PETROBRAS. A boxcorer was used to collect undisturbed 0e2 cm layers of the sediment. Sampling isobaths were 25, 50, 75, 100, 150, 400, 700, 1000, 1300, 1900 , 2500 and 3000 m. The samples were stored at À20 C, wet separated for their <2.0 mm fraction, freeze-dried (À50 C for 72 h), ground and homogenized.
Geochemical measurements
The grain size was measured with a particle analyzer (Shimadzu SALD-310). Organic carbon (OC) was determined using a Flash 2000 (Organic Elemental Analyzer e Thermo Scientific) elemental analyzer after removal of inorganic carbon with 1.0 M HCl (modified from Hedges and Stern, 1984) . The total sulfur content (Total S) was determined based on the USEPA method 3052 (1996), after digestion in a microwave system model Mars Xpress (CEM) and measurement using an ICP-OES Varian Model 720 ES. These analysis were performed at the Laborat orio de Ciências Ambientais at Universidade Estadual do Norte Fluminense e Campos dos Goytacazes e RJ-Brazil.
Total mercury (THg) and monomethylmercury (MMHg) analysis
To avoid contamination by Hg, all the materials and equipment was subjected to a rigorous cleaning protocol. Moreover, all unbagged equipment was handled with gloved hands in dedicated clean areas, including countertops covered by Teflon overlays within a Hg-free laminar flow-hood.
The THg and MMHg analysis were performed at Trent University Water Quality Centre (WQC). To determine the concentrations of total Hg (THg), samples of approximately 0.5 g (dry weight) were digested with a HNO 3 :H 2 SO 4 (7:3) mixture by gradually heating from 40 C to 200 C over a period of no less than 3 h. Acid digests were then cooled and diluted to 20 mL. Sample digests were analyzed for total mercury by cold-vapor atomic fluorescence spectrometry (CVAFS) using a Tekran 2600 system based on EPA Method 1631. Monomethylmercury (MMHg) was isolated by distillation, followed by GC/AFS measurement using a Tekran 2700 system based on EPA method 1630. THg and MMHg determinations of certified reference materials (NIST SRM, 1944 and IAEA-405) were within 90e110% and 80e95% of the certified valued, respectively, and coefficients of variation of triplicate analyses were <10%.
Mercury isotope ratio analysis
Hg isotope ratios were determined using a MC-ICP-MS instrument (Neptune, Thermo-Fisher, Germany) at the Trent University Water Quality Centre (WQC). Sample solutions (Hg concentrations varied from 0.5 to 2 ng/mL) were analyzed using a continuous flow cold vapor (CV) generation system after stannous chloride reduction (Foucher and Hintelmann, 2006 .
Statistical analysis
Non-parametric statistic was conducted using the MannWhitney test to compare shelf and slope regions and Spearman Correlation was used to evaluate the relationship among variables. PERMANOVA multivariate analysis was performed to test the difference among the shelf, slope, mangrove and estuary. 
Results
Geochemical parameters
The siltþclay, organic carbon (OC) and total sulfur (Total S) contents ranged from 0.05 to 95%, 0.07e1.43% and 0.01e0.18% for all transects, respectively ( Table 1) . The results showed that the superficial sediments consisted predominantly of silt-clay in the slope (400e3000 m). The OC content was higher in the "A" and "I" transects and the Total S average values were similar for all transects. 
Total mercury and MMHg and mercury isotope composition in sediment
Discussion
Geochemical parameters
The siltþclay enrichment observed in the slope region is associated with the transport of fine material and low density over long distances, as described in other studies (Araujo et al., 2010; Souza et al., 2010; Wanderley et al., 2014) . The transport of fine particles has been demonstrated to play an important role in delivering Hg to oceanic sediments and the organic carbon in these particles also has a strong ability to bind Hg (Yin et al., 2015) . Thus, the significant correlation observed in our study between siltþclay and OC may indicate that this fraction facilitates the Hg transport to the Campos Basin.
It is important to note that sedimentation rates between shelf and slope differ greatly. According Godoy et al., 2006 , the sedimentation rate in the slope region is approximately 1.7 cm K$year À1 for the top 70 cm at locations of 2450 m depth. In other words, the top 2 cm would represent as much as 1200 years of sediment accumulation in the slope region. On the other hand, the Campos Basin shelf showed a sedimentation rate of approximately 550 cm K$year À1 at locations with 79 m depth, with a gradual decrease in sedimentation rate towards the outer shelf (100 cm K$year À1 ). Here, 2 cm of sediment would represent only 4e20 years of sediment deposition . Hence, the Hg found in the slope region is presumably much older than Hg from the shelf.
Total Hg and MMHg
THg in the Campos Basin sediments was comparable to the background commonly found in ocean sediments around the world (20e100 ng g À1 ) (Mason et al., 2012) . Although the major source of mercury in the open ocean is from atmospheric deposition (Fitzgerald et al., 2007) , we should consider the contribution from rivers, especially in near-shore regions as an estimated 90% of riverderived Hg is buried in sediments at ocean margins (Chester, 1990) . Lacerda et al. (1993) described the influence of the Paraíba do Sul plume on the export of mercury to continental shelf sediments. Moreover, radioisotope studies suggest that the Paraíba do Sul plume can impact regions as far as 14e20 km offshore during the rainy season, with mixing rates of 2.6 kmd À1 that spread over a large area (Souza et al., 2010) . It is therefore conceivable that mercury is also exported to the open ocean, mainly due to the effects of currents and hydrodynamic processes. In fact, Lamborg et al. (2014) reported that the North Atlantic Deep Water current, which occurs at about 1500e4000 m depth, is anomalously enriched in mercury relative to the deep waters of the South Bełdowski et al., 2014 Atlantic, Southern and Pacific oceans, probably as a result of the incorporation of anthropogenic mercury. Zhang et al. (2014) and Lamborg et al. (2014) suggested that the deep North Atlantic is a notable location of current pollution Hg storage (approx. 25% of total). Sunderland and Mason (2007) noted that in addition to atmospheric deposition, regional-scale variability in air sea exchange of mercury, particulate settling, and lateral and vertical seawater flow are all important for determining the direction and rate of mercury concentrations in the open ocean. MMHg represents less than 1% of the THg in all transects. Only in the "A" transect was MMHg higher in the upper slope (400e1900 m) compared to the shelf region. The "A" transect is located in an upwelling area and is characterized by high productivity and organic matter availability, which may contribute to higher methylation rates. The Hg methylation is affected by the bioavailability of Hg(II) and by the activity of Hg-methylating microbes, both of which are significantly influenced by biogeochemical changes across salinity and productivity gradients (Hollweg et al., 2010) . Upwelling zones have been related with Hg supply to ocean surface waters (Cossa et al., 2004; Soerensen et al., 2010; Figueiredo et al., 2013) . Furthermore, upwelling regions have been of the great importance to Hg biogeochemical cycle due to the high productivity and large organic matter deposition in these areas (Silva et al., 2011) . Indeed, Figueiredo et al. (2013) found a relationship between mercury and organic carbon in shelf sediments in the south of Campos Basin, suggesting that upwelling processes and primary production may play a role in controlling Hg distribution and deposition along the continental shelf.
The "D" transect, is closest to the Paraíba do Sul river. Although its drainage basin was affected by human influence such as gold mining and use of organo-mercurial fungicides in sugar cane plantations in the 80s (Lacerda et al., 1993) , no significant differences in THg and MMHg concentrations were observed relative to others transects.
Significant correlations between OC and THg, OC and MMHg and SiltþClay and THg were observed in this study. However, in addition to carbon, other processes such as adsorption on Fe and Mn oxyhydroxides may also play an effective role in the sequestration of Hg (Gagnon et al., 1997) . Lamborg et al. (2016) also suggested that also calcium carbonate may also influence the sorption of Hg. Phases such as biogenic silica and lithogenic material, however, are considered unimportant. Overall, Hg scavenging and associated particle cycling is likely region and time-dependent as the dominant materials in marine particles change as a result of local biogeochemistry and ecosystem structure. In addition, Das et al. (2013) found a strong correlation between Hg and other metals concentration in salt marsh sediments (e.g. Fe, Co, Pb, Cu, Zn, Nd, and Th) with correlation coefficients between 0.72 and 0.83, which were all related to sediment size distribution. In comparison, MMHg concentrations in Campos Basin are lower than in coastal polluted sediment from the Mediterranean Sea, where MMHg concentrations vary from 0.43 to 2.34 ng g À1 (Ogrinc et al., 2007) and likely originate from the Adriatic Sea, which is influenced by several and very significant anthropogenic sources of Hg. The MMHg concentrations from Campos Basin were similar to other oceanic areas such as the Mid-Atlantic shelf (Hollweg et al., 2010) and the continental shelf of southern New England (Table 2) . In relation to the THg and MMHg in estuary and mangrove areas, Araujo et al. (2015) found higher mercury availability in the fluvial and estuarine areas compared to mangroves in PRS and emphasized the importance of mangrove ecosystems to act as a geochemical barrier for Hg and that the continuous reduction of the Paraíba do Sul river mangrove forest could result in increased transport of Hg to the ocean. Table 3 Total mercury concentrations and mercury isotope ratios of sediments from Campos Basin, the Paraíba do Sul river estuary and mangroves.
Depth THg 
Isotope ratios of mercury
Generally speaking, two main factors may affect Hg isotope ratios in environmental samples and must be considered when interpreting differences in Hg isotope composition: Hg isotope fractionation during geochemical cycling and the mixing of Hg from different sources with distinct isotope signatures (Yin et al., 2015) . According to Blum et al. (2014) , marine sediments that were deposited before modern increases in anthropogenic Hg emissions (i.e. pre-1850), often display limited MIF (D 199 Hg ¼ Most striking were the observed differences in Hg isotope composition between sediments from the shelf and slope (p < 0.05) as illustrated in Fig. 3 . Hg found on the shelf, especially along the "D" and "I" transects, is depleted in heavy isotopes resulting in more negative d
202
Hg compared to the slope. Values are very comparable to those detected in the estuary and adjoining mangrove forest, which suggests that the shelf Hg may be exported from rivers and is the dominating source of Hg in near coastal regions along the northern part of the shelf. The "D" transect in particular is directly influenced by the Paraíba do Sul River. On the other hand, the "I" transect is influenced by smaller rivers (Anchieta, Itapemirin, Itabapoana), streams and coastal lagoons, which all have similar regional geochemistry. The "I" transect was the most variable. (Enrico et al., 2016; Jiskra et al., 2015) . If also true for South America, the significantly more negative d
Hg in the shelf region near transect "D" and "I" could indeed indicate the export of terrestrial Hg through the PSR and other smaller rivers. However, the current dataset does not allow a differentiation between Hg associated with distinct anthropogenic sources (e.g. gold mining or Hg fungicides) or Hg fractionation as result of terrestrial Hg processes, which generate naturally more negative d 202 Hg.Interestingly, Hg in the shelf region along the "A" transect shows more positive values, which suggest that this area is less influences by exports from rivers or that other geochemical processes are dominant. It is noteworthy, that there is a steep drop near the coast in the "A" transect, which may prevent exported Hg loaded particles to settle near shore, explaining the mixed character of Hg at this location. Furthermore, the shelf in the southern region of the Campos Basin is wider (approximately 120 km) compared to the northern area (approximately 42 km) affecting the deposition of transported material along the shelf.
Most sampling stations in the Campos Basin slope showed near zero or slightly positive MIF (D 199 Hg) (Table 3 ). Other marine sediments are also characterized by positive D
199 Hg values, including the Central Portuguese Margin (þ0.09 ± 0.04‰) (Mil-Homens et al., 2013) , mid-Pleistocene sapropels from the Mediterranean Sea (þ0.11 ± 0.03‰) (Gehrke et al., 2009 ) and pre-mining sediments in the San Francisco Bay region (þ0.17 ± 0.03‰) (Donovan et al., 2013) . One possible explanation for positive D
199
Hg values in oceanic sediments could be Hg associated with atmospheric deposition, which represents a significant source in the biogeochemical cycle of Hg in oceans (Fu et al., 2010) , and is frequently characterized by positive D 199 Hg (Chen et al., 2012; Enrico et al., 2016; Sherman et al., 2012) . In addition, we cannot exclude that post-depositional MIF processes may also alter the D
Hg values.
The observed positive D 199 Hg data are broadly consistent with Hg as a product of photoreduction (Sonke, 2011; Das et al., 2013) . Hg values being indistinguishable between slope and shelf along this transect. This area is also influenced by upwelling phenomena that could influence Hg processes. The presence of meanders, cyclonic and anticyclonic eddies in the middle portion of the southern continental shelf can create upward and downward movements as well as lateral transport of water masses (Mahiques et al., 2004) . Thus, the type and amount of material transported to the seafloor are associated with the oceanographic forcing in the region and can influence the Hg deposition in this part of the Basin . 
